In order to obtain the excellent 1,3-propanediol (1,3-PDO) producer from wild-type Clostridium butyricum, adaptive evolution was carried out to select the strain for fast growth. The most significant change was that fermentation time decreased from 36 h to 20 h after adaptive evolution. Thus, it led to the corresponding volumetric productivity of 1,3-PDO increasing from 0.97 to 2.14 (g/LÁh −1 ) which increased by 114%. Adaptive evolution was also applied to butyric acid tolerant strain selected based on the fast-growing one through a simple equipment. 1,3-PDO concentration increased from 40.28 to 66.23 g/L through fed-batch fermentation by butyric acid tolerant strain compared with the fast-growing one. In addition, the endpoint strain was successfully and steadily used in the 50-L scale fermentation. Thus, adaptive evolution is an excellent strategy which can help us select the fast-growing strain and reduce the negative effect from substrate and metabolite inhibition. (a) the morphology of Clostridium butyricum in the initial stage of Gen 0 adaptive evolution process. (b) The morphology of Clostridium butyricum in the last stage of Gen 0 adaptive evolution process. (c) The effect of 5 g/L butyric acid and acetic acid to the growth of Gen 4 strain. (d) Different growing status of Gen 0, Gen 1, Gen 2, Gen 3, and Gen 4 strain in seed culture contained 70 g/L glycerol. The "XMU" were written on the back of the each bottles. [Color figure can be viewed at wileyonlinelibrary.com] Figure 5. Time course of Gen 7 strain fermentation on 50-L scale. (a, b) Represent the concentrations of glycerol, 1,3-PDO (g/L), acids and OD in batch and fed-batch fermentation process.
Introduction
As the crisis of environmental pollution and energy deepens, development of renewable resources and green technology has become a task which brooks no delay. 1 Biofuel technology not only provides an alternative resource for fossil fuel, but also produces numerous by-products. Crude glycerol, a by-product from biofuel production process, has become a problem for its disposal cost. 2 Thus, bio-conversion of these by-products to more valuable material has attracted considerable interest in recent years due to the advantages of being inexpensive, highly-efficient, and environmentally friendly. 3, 4 1,3-propanediol (1,3-PDO), which comes from crude glycerol through biosynthesis, is an important chemical intermediate. It can be used to synthesize biodegradable materials such as polytrimethylene terephthalate (PTT), polytrimethylene ether glycol and heterocyclic compounds. 5, 6 Propanediol fatty acid esters, especially 1,3-PDO fatty acid esters, could potentially be applied in pharmaceutical industries. 7 Presently, the 1,3-PDO synthesis mainly follows chemical and fermentative routes. Compared with the chemical method, the alternative fermentative route which does not require high temperature, pressure, the use of expensive chemical catalysts and toxic organic solvents, is a more environmentally friendly process. 8, 9 Furthermore, compared with some other aerobic fermentation processes, due to the anaerobic and unsterilized culture requirements, the biotechnological conversion of crude glycerol (industrial waste glycerol) to 1.3-PDO through Clostridium butyricum is a more green process which will save more energy and cost. 7, 10 Fermentative production of 1,3-PDO by microorganisms has been extensively studied and achieved success in batch, fed-batch, repeated batch, and continuous fermentative systems in the past decades. Many species of microbes including the Clostridium, Klebsiella, Citrobacter, Enterobacter and even Shimwellia 11-15 can convert crude glycerol to 1,3-PDO. Among these microbes C. butyricum is thought to be one of the most prominent 1,3-PDO producers owing to its exceptional and efficient performance in 1,3-PDO production. However, the low 1,3-PDO content and production efficiency of this bioconversion process still hinder its industrial scale production.
Adaptive evolution is a simple and efficient technology which could be used to spontaneously select evolved and quickly adapted mutant with man-made culture environment such as high concentration of substrate. 16, 17 Therefore, this technology could fundamentally alter and screen out the strain, and even endow them with excellent performance. Adaptive evolution has been widely applied in many kinds of strains and achieved success. 11, 18, 19 It was successfully used to enhance butyric acid production in Clostridium tyrobutyricum and butanol production in Clostridium acetobutylicum. 20, 21 In this article, the adaptive evolution technology was applied to C. butyricum for fast-growing and acid-tolerant mutant selection with a new and simple device. At the same time, the selected strains through adaptive evolution technology performed 1,3-PDO production steadily in the 50-L fermentation process.
Materials and Methods
Microorganism and medium C. butyricum used in this study was screened from wild type and stored at 4 C in reinforced clostridial medium (RCM). The medium was performed according to our previous work with some modifications. 3, 22 The RCM medium contained (g/L): peptone 10; glucose 5; beef extract 10; yeast extract 3; NaCl 3; CH 3 
Adaptive evolution experiments
The wild type of C. butyricum was set as original strain. Adaptive evolution experiment for fast growth was based on a long-term subculture procedure using gradually rising glycerol concentration as stress inducer and carried out in anaerobic serum bottles. Seed culture of original strain was prepared in 100-mL serum bottles containing 50 mL RCM medium. The culture was grown for 18 h-24 h at 37 C and 150 rpm. As shown in Table 1 and Supporting Information Figure S1 , 10% (vol/vol) of seed culture was inoculated into 250 mL anaerobic serum bottles containing 100 mL medium with 30 g/L glycerol for Gen 0 strain selected. The cultures were incubated at 37 C and 150 rpm. The fastest growing strain was selected as the seed for next inoculation. After 10 or more subcultures, the strain which could grow fast and steadily in M0 medium was the endpoint strain of Gen 0 and starting strain of Gen 1. As an analogy, we selected the Gen 1, Gen 2, Gen 3, and Gen 4 strain which grew fast and steadily in M1, M2, M3, and M4 medium respectively. The process of adaptive evolution experiment for acid tolerance was similar to that aforementioned and carried out in 1 L mini-fermenter with working volume of 250 mL and the sketch map of equipment was shown in Figure 1 . The endpoint strain of Gen 4 was set as the starting strain of Gen 5. As an analogy, the authors selected the Gen 5, Gen 6, Gen 7, and Gen 8 strain which grew fast and steadily in M5, M6, M7, and M8 medium after 10 or more subcultures. The concentrations of different stress inducers in adaptive evolution experiment were shown in Table 1 . The other components were the same as that in seed medium. Every subculture was conducted three times repeatedly for all the adaptive evolution experiments.
Fermentation conditions
The fermentation process was carried out as our previous work with some modification. 3, 23 10% (vol/vol) culture of strain selected from adaptive evolution experiment was inoculated into 100 mL anaerobic serum bottles containing 50 mL RCM medium. 10% (vol/vol) of RCM was inoculated into the 250 mL anaerobic serum bottles containing 100 mL seed medium. The seed culture was incubated for 12 h at 37 C and 150 rpm. 1,3-PDO batch and fed-batch fermentation was carried out in a 5.0-L bioreactor (Biostat B; B. Braun, Germany) and fermentation medium was nonsterilized. The initial volume of batch was 3.0 L while it was 2.0 L in fed-batch. After 12 h cultivation, 10% (vol/vol) of the seed culture was inoculated into the bioreactor. The cultivation was carried out at 37 C with the initial pH value of 7.0. The N 2 aeration rate was set at 0.1 vvm to maintain anaerobic condition. The agitation speed was controlled at 150 rpm and pH was maintained at 7.0 by the addition of NaOH solution (4 M) during the whole batch and fed-batch fermentation processes. Feeding rate was hand-controlled and set as 10 g/h approximately.
1,3-PDO 50-L scale batch and fed-batch fermentation was carried out in a 50-L bioreactor. The initial volume of batch was 30 L while it was 20 L in fed-batches. The agitation speed was controlled at 200 rpm and pH was maintained at 7.0 by the addition of NaOH solution (4 M) during the whole process. Feeding was started when the glycerol fell below 15 g/L, and the rate was hand-controlled and set as 110 g/h approximately.
Analysis of OD, glycerol, 1,3-PDO, lactic acid, formic acid, acetic acid, and butyric acid Biomass was represented by the value of OD at 650 nm with appropriate dilution using a UV-visible spectroscopy system. The concentrations of glycerol, 1,3-PDO, lactic acid, formic acid, acetic acid, and butyric acid were determined according to our previous work by HPLC (Agilent 1100) on an Aminex HPX-87H column (300 mm × 7.8 mm; Bio-Rad, California, USA). The detection of glycerol, 1,3-PDO and lactic acid was achieved by refractive index detector while the 
Results and Discussion
The process of C. butyricum adaptive evolution for fast growth
Wild type of C. butyricum could grow in RCM. If the strain was inoculated into the seed medium with high-concentration glycerol (>30 g/L), they would be autolytic and the white floccule appeared (Figure 2a ). The reason might be that the strain was sensitive to the negative effect of osmotic stress coming from high concentration of glycerol. [25] [26] [27] Thus, 30 g/L glycerol was set as the initial concentration of stress inducer and the corresponding medium was marked as M0. Majority of the wild type strain was autolytic when first inoculated into the Gen 0 medium. Then autolytic medium was inoculated into RCM. Thus, some of the strain which could adapt themselves to the 30 g/L glycerol could be screened out and cultured in enriched medium. After 10 or more repetitions, the osmotic stress in the environment couldn't inhibit strain growth and few white floccule appeared (Figure 2b ). In the same way, we also obtained the Gen 1, Gen 2, Gen 3 and Gen 4 strain which could adapted themselves to 50 g/L, 70 g/L, 90 g/L and 110 g/L glycerol respectively. In order to investigate the effect of adaptive evolution on the growth of C. butyricum, the experiments performed in the anaerobic serum bottles with 70 g/L glycerol were carried out to study the growing status after 12 h cultivation. As shown in Figure 2d , owing to the obvious inhibition, the Gen 0 and Gen 1 strain which adaptively evolved in 30 and 50 g/L glycerol grew slowly, while there was hardly apparent inhibitory effect on Gen 2, Gen 3 and Gen 4 strain. Thus, it demonstrated that adaptive evolution of C. butyricum with increasing concentration of glycerol could make the C. butyricum adapt themselves to the high concentration of the glycerol gradually and grew fast. Thus, a larger amount of strains died (Figure 2a,b) , which was caused by the osmotic stress derived from high concentration of glycerol, while the strain which adapted themselves to the highlevel glycerol and grew fast could survived and was enriched after adaptive evolution generation after generation.
Characteristics of adaptively evolutionary strain for fast growth
In order to get deep insight into the characteristics of adaptively evolutionary strain for fast growth, the batch fermentation with high-concentration glycerol (80 g/L) was carried out in different adaptively evolutionary strains. As shown in Figure 3a -d, the most significant change was that fermentation time decreased from 36 h to 20 h after adaptive evolution. Thus, it led to the corresponding volumetric productivity of 1,3-PDO increasing from 0.97 to 2.14 (g/LÁh −1 ) by 114%. At the same time, OD and 1,3-PDO increased from 6.94 and 34.98 g/L to 10.91 and 42.88 g/L respectively. It demonstrated that adaptive evolution was an excellent strategy which could help us select the fast-growing strain and reduce the negative effect from substrate inhibition.
As described by Zhang et al. 3 and Zeng et al. 28 , 1,3-PDO production was an NADH-needing process, and the NADH came from glycerol oxidative pathways which would synthesize acids, such as butyric acid and acetic acid, finally. Szymanowska-Powalowska and Białas 29 reported that [Color figure can be viewed at wileyonlinelibrary.com] 1,3-PDO bioconversion process could be influenced by osmotic stress (high concentrations of glycerol), toxic stress (high concentrations of organic acids and 1,3-PDO), mechanical stress and oxidative stress. Biebl 26 and Szymanowska-Powalowska 30 also presented the similar findings that high concentration of butyric acid and acetic acid inhibited the production of 1,3-PDO by C. butyricum when pH was maintained at 6.5. As shown in Table 3 , it's interesting to find that high concentrations of 1, 3-PDO were always associated with high concentrations of acetic acid and butyric acid, and the concentration of butyric acid was much higher than that of acetic acid. Although adaptive evolution for fast growth could reduce the fermentation time and increase the volumetric productivity significantly in this work, the concentration of 1,3-PDO only increased from 34.98 to 42.88 g/L. At the same time, as shown in Table 2 , the concentrations of butyric acid and acetic acid from Gen 0 to Gen 4 strain were approximately 8 g/L and 4 g/L respectively. The fed-batch of Gen 4 also presented the similar phenomenon (Figure 4a ). Thus, it demonstrated that the low tolerance of C. butyricum to butyric acid and acetic acid might limit the amount of NADH and lead to the low concentration of 1,3-PDO production at last. So, adaptive evolution for acid tolerance was carried out to achieve the purpose of high-concentration 1,3-PDO production. 5 g/L butyric acid and acetic acid were respectively added to the medium to investigate which one was the key limiting factor. As shown in Figures 2c, 5 g/L butyric acid might have a greater inhibition on the growth of C. butyricum. Although acetic acid synthesis pathway would provide more NADH and lead to the theoretical maximum 1,3-PDO yield (0.72 mol/mol glycerol), butyric acid synthesis pathway could produce higher ATP and biomass. 28, 31 Taken together, butyric acid was set as the stress inducer to select enhanced butyric acid tolerant strain to improve the 1,3-PDO production.
Characteristics of adaptively evolutionary strain for butyric acid tolerance
As shown in Figure 1 , a simple equipment was established, in which the mini-fermenter, pH electrode, pH controller, and peristaltic pump was combined to obtain the butyric acids tolerant strain. This equipment make adaptive evolution experiment a simpler process in which 5% of the medium was left and 200 mL fresh medium was added after the first adaptive evolution experiment. The whole process of adaptive evolution for butyric acid tolerance ( Figure 1 ) was similar to a long repeated batch fermentation and the Gen 4 (fast-growing) was set as original strain. During the adaptive evolution process, the C. butyricum was sensitive to the butyric acid when added in the initial point of culture. The C. butyricum could adapt themselves to each concentration of butyric acids after repeated culture 10 or more times. The strains that adapted to 5, 10, 15, and 20 g/L butyric acid were obtained and marked as Gen 5, Gen 6, Gen 7, and Gen 8 respectively.
Fed-batch fermentation was carried out to get deep insight into the changes among different butyric acid tolerant strains. There was not significant changes between Gen 4 and Gen 5 strain, the characteristics of Gen 4, Gen 6, Gen 7, and Gen 8 through fed-batch fermentation were shown in Figure 4 . There's no greater changes except increase in 1,3-PDO. The concentration of 1,3-PDO increased from 40.28 g/L (Gen 4) to 58.34 g/L (Gen 6) and reached up to 66.23 g/L (Gen 7) at last ( Table 2) . At the same time, the concentration of butyric acid and acetic acid increased from 6.42 and 3.89 (Gen 4) to 15.47 Figure 2 . Morphology of Clostridium butyricum in adaptive evolution process and growing status in fermentation process. and 6.75 (Gen 7) g/L respectively. It demonstrated that the strain selected from butyric acid adaptive evolution could enhance the tolerance and production of butyric acid and acetic acid. The more butyric acid and acetic acid generated, the more glycerol would flow into the oxidative pathways and the more NADH was generated. 32 However, the excess NADH not only increased the concentration of 1,3-PDO but also increased the concentration of lactic acid (Figure 4 ), which came from pyruvic acid and also needed NADH in its formation process 3 . It is interesting to note that there is no lactic acid synthesized during batch fermentation process by Gen 1 and Gen 2 strain (Figure 3a,b) when the growth rate of C. butyricum was slow. However, lactic acid began to arise in a low concentration during batch fermentation by Gen 3 and Gen 4 strain (Figure 3c,d) . The concentration of lactic acid increased gradually from 8 g/L (Figure 4a ) to 16 g/L (Figure 4d ) approximately when the adaptive evolution for butyric acid tolerance have been completed. It demonstrated that, adaptive evolution for fast growth caused acceleration of glycerol consumption and incensement of lactic acid synthesis. Furthermore, this process has been further enhanced by adaptive evolution for butyric acid tolerance. More generation of butyric acid and acetic acid would lead to higher concentration of lactic acid and even lower 1,3-PDO concentration (Figure 4d ). 
Fermentation of adaptive evolution strain on 50-L scale
As shown in Table 2 and Figure 4 , by contrast, Gen 7 strain was the best one owing to its excellent performance in 1,3-PDO production. Thus, Gen 7 strain was used in 50-L scale fermentation. As shown in Figure 5 and Table 2 , the 1,3-PDO production through batch and fed-batch fermentation was 47.33 and 61.77 g/L respectively. The corresponding fermentation time was 18 and 38 h respectively, which were slightly shorter than that in 5-L fermentation process. It demonstrated that Gen 7 strain which combined the advantages of fast growth and butyric acid tolerance through adaptive evolution has been successfully used in 50-L fermentation process.
Comparison of adaptive evolution strain with other reference ones in 1,3-PDO production from glycerol 1,3-PDO production from glycerol through Clostridiums with various scales were listed in Table 3 . By contrast, owing to the longer time of feeding in fed-batch fermentation process, the productivity of 1,3-PDO in batch fermentation strategy was higher, while the concentration of 1,3-PDO was higher than that in batch process. Chatzifragkou et al. 33 and Szymanowska-Powalowska and Białas 29 selected strains with high performance of 1,3-PDO production (70.8 g/L and 71 g/L respectively) through fed-batch strategy. Compared with processes above, whether in batch or fed-batch process, the adaptive evolution strain could not only obtain the same excellent performance in 1,3-PDO production (66.23 g/L), but also consume less time with better productivity. This was also consistent with results from Jiang et al. 16 who adaptively evolved C. tyrobutyricum on high-concentration glucose which resulted in the fast uptake and consumption of glucose and growing fast. Along with this came the decreased manufacturing period and energy consumption and reduced costs in the industrialized process. Furthermore, it is interesting to found that high concentrations of 1,3-PDO were always associated with high concentrations of acetic acid and butyric acid by comparing all the data listed in Table 3 . It would provide the potential solutions to enhance 1,3-PDO production by enhancing the concentration of acids, especially butyric acid.
Conclusion
In this study, adaptive evolution for fast growth and butyric acid tolerance has been successfully carried out on C. butyricum. Compared with wild type strain, the fermentation time of adapted strain decreased from 36 to 20 h, and the corresponding volumetric productivity of 1,3-PDO increased from 0.97 to 2.14 (g/LÁh −1 ). Furthermore, the 1,3-PDO concentration of Gen 7 strain reached up to 66.23 g/L after further adaptive evolution for butyric acid tolerance. At the same time, the Gen 7 strain was successfully used in 50-L scale 1.3-PDO production through fed-batch fermentation.
